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Industrial excess heat is a large untapped resource, for which there is potential for external use, which 
would create benefits for industry and society. Use of excess heat can provide a way to reduce the use 
of primary energy and to contribute to global C0 2 mitigation. The aim of this paper is to present different 
measures for the recovery and utilization of industrial excess heat and to investigate how the develop¬ 
ment of the future energy market can affect which heat utilization measure would contribute the most 
to global C0 2 emissions mitigation. Excess heat recovery is put into a context by applying some of the 
excess heat recovery measures to the untapped excess heat potential in Gavleborg County in Sweden. 
Two different cases for excess heat recovery are studied: heat delivery to a district heating system and 
heat-driven electricity generation. To investigate the impact of excess heat recovery on global C0 2 emis¬ 
sions, six consistent future energy market scenarios were used. Approximately 0.8 TWh/year of industrial 
excess heat in Gavleborg County is not used today. The results show that with the proposed recovery 
measures approximately 91 GWh/year of district heating, or 25 GWh/year of electricity, could be sup¬ 
plied from this heat. Electricity generation would result in reduced global C0 2 emissions in all of the ana¬ 
lyzed scenarios, while heat delivery to a DH system based on combined heat and power production from 
biomass would result in increased global C0 2 emissions when the C0 2 emission charge is low. 

© 2013 Elsevier Ltd. All rights reserved. 


1. Introduction 

In recent years, the unsustainable use of the world’s resources 
has gained increased attention. Efficient use of resources can re¬ 
duce the use of primary energy and thus reduce emissions of 
anthropogenic greenhouse gases (GHG). In its work against climate 
change, the European Union (EU) has promoted the importance of 
energy efficiency measures to reduce the use of primary energy 
and set a goal to increase energy efficiency by 20% compared to 
1990 levels [1], The Energy Efficiency Directive (EED) stresses the 
use of industrial excess heat as a way to reach the EU target [2], 
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power; COP, coefficient of performance; DC, district cooling; DH, district heating; 
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thermophotovoltaic. 
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There is no clear definition of what can be considered as excess 
heat. Several definitions have been proposed such as “heat that is 
left over after an industrial process has become (thermodynami¬ 
cally) optimized” or “excess heat that cannot be used directly in 
the industrial process” [3], The definition of industrial excess heat 
that will be used in this paper is as follows: Industrial excess heat 
is heat generated as a by-product of industrial processes. This heat 
is not used today, but could be used to create benefits for the 
industry and the society. 

2. Aim and delimitations 

The aim of this paper is to map and investigate different options 
for the recovery and use of industrial excess heat. The study does 
not claim to review the whole market of heat recovery technolo¬ 
gies; however, the paper will show the diversity and complexity 
of the technologies that might be used for industrial excess heat 
recovery and will classify them according to purpose. The paper 
will put the use of excess heat into a context by applying some 
of the measures to the untapped excess heat potential in Gavleborg 
County and will report the energy recovery potentials and global 
C0 2 emission reductions. The paper also aims to investigate how 
different future energy markets affect global C0 2 emissions related 
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to the implementation of different heat recovery options. The 
objective of the analysis is to provide information that can be used 
as a decision basis, e.g., by industry when considering investment 
in heat recovery equipment, and by policymakers evaluating dif¬ 
ferent strategies for climate change mitigation. 

Excess heat can be used in-house and transferred to other facil¬ 
ities. The focus of this paper is on recovery measures for external 
use of industrial excess heat. The recovery potentials are not put 
in a geographical context; distances between the heat source and 
potential users were not considered. Further, this study does not 
investigate industrial excess energy in the form of combustible 
waste gases or by-products. 

3. Industrial excess heat 

Efficient use of energy can take the form of improvements in a 
single production process as well as improvements in a larger sys¬ 
tem where the energy flows in the system are connected and ther¬ 
modynamically and/or economically optimized. Several options 
are available for the use of industrial excess heat. An important 
first step is reduction of the amount of excess heat released by 
the production processes. If the available heat can be used in the 
industrial process in which it arose, this is, in most cases, the best 
choice and often a relatively inexpensive and easy way to use the 
heat. This recycling of heat can be achieved by heat exchange, for 
example, by preheating of incoming air, water, or material. Recov¬ 
ery of the heat for external use is another possible use. As it may 
lead to heat losses, the recovery process must be located close to 
the heat source and/or maintain a high efficiency in heat transfer. 
The heat can also be used to generate electricity, which could be 
used internally or externally. 

The use of excess heat may result in several savings. Not only 
may the primary energy demand decrease, but C0 2 emissions 
may also be reduced and economic gains realized [4], Industrial ex¬ 
cess heat characteristics determine the feasibility of recovering the 
heat. Quantity and quality are two important parameters: quantity 
describes the amount of energy contained in the heat streams, 
while quality measures the usefulness of the stream and is deter¬ 
mined by the temperature [5], 

The use of available industrial excess heat has been studied e.g., 
[6-9], but it is argued that a large untapped potential exists 
[10,11], The energy efficiency target and the possibility of the use 
of industrial excess heat resulting in environmental and economic 
gains [4] has drawn attention to the importance of recovery of ex¬ 
cess heat and the development and implementation of recovery 
technologies. 

4. Gavleborg County 

This study applied measures for the recovery and utilization of 
industrial excess heat to an industrial area and calculated the en¬ 
ergy recovery potential and effects on global C0 2 emissions. The 
industrial area considered in the paper is Gavleborg County, which 
is located in central Sweden on the Baltic Sea coast and is Swedens 
tenth most populated county (out of 21 counties) [12]. The 
county’s business activity is diversified, but it has a large share of 
energy-intensive industry (e.g., pulp and paper and steel indus¬ 
tries) and this study focuses on these industries. The annual use 
of energy (2010) within the county’s industry sector is approxi¬ 
mately 11.2 TWh. This corresponds to about 6.7% of energy use in 
this sector in Sweden [13 j. The annual use of district heating (DH) 
in the county sums to approximately 2 TWh [13], of which approx¬ 
imately 11% originates from industrial excess heat [14], 


1 This includes electricity use in the construction sector. 


5. Methodology 

5.1. Questionnaire 

Approximately 67% 2 of Gavleborg County's energy end-use in 
2008 was used within the industrial sector [13], Due to the complex¬ 
ity of the energy flows in energy-intensive industries, a question¬ 
naire rather than an energy audit was used by the authors to 
gather information. This enabled firms to contribute their own data 
regarding energy flows and, at the same time, allowed for a larger 
sample than would be possible with energy audits. 

A web-based questionnaire was sent to 58 industrial firms 
within different industrial sectors in the spring of 2012. The list 
of respondents was obtained from the County Administrative 
Board of Gavleborg. All the firms are classified as firms holding a 
high environmental impact [15], The questionnaire focused on ex¬ 
cess heat quantity and quality (temperatures of the heat flows and 
flow rates of the excess heat flows) in different energy carriers at 
the firms and the potential for heat recovery (internally and exter¬ 
nally). The questionnaire was answered by the person in charge of 
energy issues at the firm, who was either the energy manager or 
the production manager, and the response rate of the study was 
approximately 33%. 

5.2. C0 2 emission evaluation 

To handle the uncertainty regarding the future energy market 
and to evaluate the effects of heat recovery on global C0 2 emis¬ 
sions, different scenarios predicting future energy markets for 
2030 were used. By using consistent energy market scenarios 
(EMS) that predict possible cornerstones of the future energy mar¬ 
ket, more robust results can be obtained. To obtain a consistent 
scenario, it is important that the energy market parameters are 
correlated to each other. In this study, the Energy Price and Carbon 
Balance Scenarios (ENPAC) tool was used. A more thorough 
description of the tool can be found in Axelsson and Harvey [16] 
and Axelsson et al. [17], Inputs to the tool were prices of fossil fuel 
and charges for emitting C0 2 . Input prices were taken from the sce¬ 
narios presented in World Energy Outlook 2011 [18], In the evalua¬ 
tion of the effects on global C0 2 emissions, biomass was considered 
a limited resource on the market, and a marginal electricity system 
was assumed. Based on the inputs to the ENPAC tool, the marginal 
technology for electricity production (build margin) and the mar¬ 
ginal user of biomass were determined. Moreover, two potential 
DH systems were considered: a small Swedish system based on 
bio heat-only boilers (bio-HOB) and a large Swedish system based 
on bio combined heat and power (bio-CHP). 

When electricity is produced from excess heat, the marginal 
electricity approach results in the marginal electricity producer 
reducing its electricity production by an equal amount, which af¬ 
fects the global C0 2 emissions. When excess heat replaces energy 
originating from biomass use, biomass will be available and can 
be used by the marginal user of biomass. The ENPAC tool could 
choose between two marginal users of biomass: a coal power plant 
with co-firing of biomass or a producer of the biofuel Fischer Trop- 
sch (FT) diesel. The resulting impact on global C0 2 emissions if 
industrial excess heat is utilized can be seen in Table 1. 

6. Excess heat potential in Gavleborg County 

Energy use by the firms that completed the questionnaire to¬ 
talled approximately 9.5 TWh/year. The firms accounted for 


2 The county's total energy end-use does not include electricity use within the 
transportation sector. 
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Table 1 

Energy market scenarios data for 2030. Negative values for the C0 2 emissions correspond to increased emissions. 


Energy market scenario 

l a 

2 b 

3 C 

4 a 

5 b 

6 C 

Fossil fuel price level 

High 

Low 

Low 

High 

Low 

Low 

C0 2 emission charge 

Low 

Low 

High 

Low 

Low 

High 

Marginal user of biofuel 

FT 

FT 

Coal 

FT 

FT 

Coal 

C0 2 reduction from marginal use of biomass (kg C0 2 /MWh fuel ) 

118 

118 

356 

118 

118 

356 

Build margin technology for electricity production 

Coal 

Coal 

NGCC 

Coal 

Coal 

NGCC 

C0 2 emissions from marginal production of electricity (kg C0 2 /MWh e i) 

714 

714 

340 

714 

714 

340 

DH system 

Bio-HOB 

Bio-HOB 

Bio-HOB 

Bio-CHP 

Bio-CHP 

Bio-CHP 

C0 2 reduction if industrial excess heat is exported to a DH system (kg C0 2 /MWhheat) 

150 

150 

363 

-20 

-20 

351 


a Fuel prices on the world market: Oil 63 EUR/MWh, Natural gas 36 EUR/MWh, Coal 12 EUR/MWh, C0 2 emission charge 30 EUR/tonne. Derived from the “Current policies 
scenario” in World Energy Outlook 2011 [18], 

b Fuel prices on the world market: Oil 55 EUR/MWh, Natural gas 34 EUR/MWh, Coal 11 EUR/MWh, C0 2 emission charge 30 EUR/tonne. Derived from the "New policies 
scenario” in World Energy Outlook 2011 [18], 

c Fuel prices on the world market: Oil 46 EUR/MWh, Natural gas 28 EUR/MWh, Coal 7 EUR/MWh, C0 2 emission charge 72 EUR/tonne. Derived from the “450 scenario” in 
World Energy Outlook 2011 [18], 
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Fig. 1. Industrial excess heat potential in Gavleborg County associated with 
different temperature levels and energy carriers. 


approximately 62% of the annual use of energy within the indus¬ 
trial sector in Gavleborg County. The study shows that several 
firms hold untapped excess heat potentials. Among the firms that 
completed the questionnaire, 74% declared that they had excess 
heat, although only 50% of them reported specific values on the un¬ 
tapped heat potential. The firms that specified their heat potentials 
accounted for more than 91% of the total energy use among the 
firms that reported heat potentials. 

Fig. I 3 illustrates the untapped excess heat potential from the 
firms studied. In some cases, the firms assigned the total potential, 
and in some cases the potential was calculated based on the flows 
and temperatures specified by the firms. No excess energy flows 
were aggregated by the authors in the calculations of heat potentials 
(see Fig. 1 ). However, energy flows may have been aggregated at firm 
level by the company representatives answering the questionnaire. 
The excess heat potential for each temperature level and heat carrier 
can be seen in Fig. 1 , and the results show that the largest heat po¬ 
tential is carried in water. 

The temperature levels in water are lower than in flue gases, 
ranging from 50 °C to 100 °C compared to 75 °C to 275 °C. The 
highest temperatures can be found as heat carried in materials, 
but the potential is lower than for the other heat carriers. The total 


3 Some excess heat potentials are (or are almost) rounded to zero in the graph. The 
potential in water (55 °C) is 1 GWh/year: in water (95°C) it is 2 GWh/year; in flue 
gases (75 °C) it is 2.8 GWh/year; in flue gases (not specified) it is approximately 
0.1 GWh/year; and in air (45 °C) it is is 1 MWh/year. 


excess heat potential reported by the firms answering the ques¬ 
tionnaire totalled approximately 0.8 TWh/year. This potential rep¬ 
resents 8.4% of the energy use among the firms that completed the 
questionnaire and 5.2% of the energy use in the industrial sector. 


7. Heat recovery 

In this study, excess heat recovery options have been classified 
based on their purpose. The classifications are heat harvesting, 
heat storage, heat utilization, and heat conversion. 

7.1. Heat harvesting 

Heat-harvesting technologies were included in the study be¬ 
cause they are a part of the recovery chain both for internal and 
external use. In addition, they can be used to make the heat acces¬ 
sible for excess heat recovery. This section will briefly present heat 
exchangers, radiation collectors, and heat pumps. 

Heat exchangers are used to exchange heat between two mov¬ 
ing media (gases or liquids) and offer the option to transfer heat 
from heat sources with corrosive or toxic natures to a clean med¬ 
ium, for example, from exhaust gases to pure water. Transferring 
heat between gas and liquid also offers possibilities to use the heat 
for applications that demand the heat source be in liquid form, 
such as DH systems or certain electricity generation technologies. 
Heat exchangers are commercially available; to meet a variety of 
application demands, different configurations of heat exchangers 
have been designed (e.g., double pipe heat exchanger, shell-and- 
tube heat exchanger, condensers, plate and frame heat exchanger) 

[19]. 

In solar thermal applications, solar radiation is absorbed by a 
collector as heat and transferred to a working medium such as 
water, oil, or air [20]. This technology can be used to capture heat 
radiation from hot materials but has not commonly been used for 
industrial applications. However, solar collectors may not be the 
best choice for recovery of heat radiation; they are designed to 
have a relatively low absorptivity in the wavelength spectrum 
associated with the heat radiation from hot material [21]. There¬ 
fore, an array of water-filled copper pipes could be a more efficient 
heat collector for industrial excess heat recovery. In a study by 
Nilsson [22], heat was recovered from cooling beds at a steel plant 
where steel cooled from 1000 °C to 300 °C. The study investigated 
different configurations of radiation collectors such as commercial 
solar collectors and panels made of water-filled copper pipes. The 
collectors were installed above the cooling beds, and the results 
showed that it was possible to recover more radiation with the 
copper pipes than with the solar collectors. With feasible 
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installations, 20-25% of the heat in steel could be recovered and 
transferred to water. 

A heat pump can be used to transfer heat from a heat source to a 
heat sink by transferring heat from a low-temperature medium to 
a high-temperature medium. Heat pumps are commercially avail¬ 
able and provide a way to use low-temperature industrial excess 
heat in applications that require higher temperatures [23]. The 
coefficient of performance (COP) describes the relationship be¬ 
tween the energy input and output. The COP value is in theory 
greater than one but may in practice fall below one because of heat 
losses. Common COP values for heat pumps are 2-3 [19], Several 
types of commercial heat pumps based on different technologies 
are available, and new heat pump technologies are under develop¬ 
ment to increase energy efficiency, for example [23], 

7.2. Heat storage 

Intermittent excess heat flows may obstruct utilization of ex¬ 
cess heat. Heat storage technologies can be used to store the en¬ 
ergy for later use or even to transport it to external users. There 
are three different storage mechanisms: sensible heat storage, la¬ 
tent heat storage, and chemical heat storage [20,24], 

In sensible heat storage, the temperature of the heat storage 
material is elevated when heat is stored. There are both liquid 
and solid sensible heat storage materials, including oils, inorganic 
molten salts, and sand-rock materials [20], A simple system for 
sensible heat storage is a storage tank with water. Sensible heat 
storage is the cheapest and most developed technology, but it also 
has the lowest heat storage capacity. 

In latent heat storage, a Phase Change Material (PCM) stores/re¬ 
leases heat during melting/solidification or gasification/liquefac¬ 
tion. Latent heat storage has a higher heat storage density than 
sensible heat storage, and the temperature of the PCM does not sig¬ 
nificantly change when heat is absorbed or released because the 
heat is used in the phase change process. One drawback is the 
low thermal conductivity of most PCMs, which requires large heat 
exchanger surfaces. Two commercial PCMs are inorganic salts and 
paraffin [20,24-27], 

In chemical heat storage, heat is stored as chemical energy 
through endothermal reactions and can be released in the reverse 
exothermal reaction. Two materials used for chemical heat storage 
are ammonia and hydroxides. Chemical heat storage is the technol¬ 
ogy with the highest heat storage density [20]. Sensible heat stor¬ 
age is a proven technology, but latent heat storage and chemical 
heat storage are technologies under research. 

7.3. Heat utilization 

Heat utilization technologies can be used in various energy 
systems, such as DH, district cooling (DC), and other heat coopera¬ 
tions, for recovery of excess heat without a need to convert the 
heat to another form of energy. 

7.3.1. District heating 

DH is used to supply buildings or industries with heat from a 
collective heating system. The thermal energy can be obtained 
from different sources, such as combustion of different fuels in 
boilers and industrial excess heat [28,29], In recent years, the 
amount of industrial excess heat delivered to DH systems has in¬ 
creased in Sweden 4 [14], The heat is transferred to customers in grid 
piping systems and the thermal energy is carried in either hot water 
or steam. DH systems often use hot water as a medium because the 


4 Based on figures from 2006-2010, except for 2009, where the deliveries 
decreased. 


use of steam results in greater heat losses. After heat distribution, 
the water returns to the heat source, where it is reheated [28], 

The water temperature in the DH system depends on the heat 
load demand. In Sweden, the supply temperature in hot water 
DH systems varies between 70 °C in summer and 120 °C in winter. 
The corresponding temperatures for return water are 40 °C and 
65 °C [28,30], The supply temperature varies in different parts of 
the world, partly due to diverse piping systems. Steam-based sys¬ 
tems have a supply temperature of 150 °C to 300 °C [31 ]. In recent 
years, increased attention has been given to low-temperature heat¬ 
ing systems used to distribute heat at industrial plants and the 
development of low-temperature DH systems, with a supply tem¬ 
perature down to 50 °C [32], Depending on the temperature level 
of the excess heat, the energy can be fed directly to the DH grid 
or must first be upgraded. Low-temperature excess heat may be 
used in hot water DH systems following thermal upgrading, which 
can be accomplished with heat pumps [31,33], 

7.3.2. District cooling 

In a DC system, water is cooled in a central facility and then dis¬ 
tributed to costumers. Industrial excess heat can be used in the 
cooling process through absorption cooling. In contrast to com¬ 
pression chilling, the process is not driven with electricity but a 
heat-driven cooling process [34,35], Absorption cooling has a min¬ 
or electricity demand of approximately 2% of the produced cooling 
for pumping the coolant [36]. Absorption cooling is suitable for 
water-distributed cooling, and absorption chillers are commer¬ 
cially available for large-scale use with the working medium lith¬ 
ium bromide (LiBr)/water; customized solutions exist for small- 
scale use [34]. The working medium determines the performance 
of the cooling system, and LiBr/water and ammonia/water are 
the most common working mediums [37], Reported COP for 
heat-driven absorption chillers ranges between 0.5 and 0.8 
[34,36,37], COP depends, for example, on the temperature of the 
heat delivered to the absorption chiller: higher temperature gives 
a higher COP. 

The absorption cooling process can be described as follows: Re¬ 
turn water from the DC system is cooled in the evaporator when 
the refrigerant (usually water) is evaporated under low pressure. 
The cooled DC water is distributed in the DC system, and the evap¬ 
orated refrigerant is transferred to the absorber, where it is ab¬ 
sorbed by the working medium (e.g. LiBr). The LiBr solution is 
pumped to the generator, where the concentration is increased be¬ 
cause the water evaporates as a result of heat supply (e.g., indus¬ 
trial excess heat). The concentrated LiBr is transferred back to 
the absorber, and the steam is condensed in the condenser. The li¬ 
quid water is transferred back to the evaporator, closing the cycle 
[34,38], 

7.3.3. Heat cooperation 

Industrial excess heat can be recovered and reused through 
cooperation between different actors. Industrial symbiosis (IS) or 
cluster collaborations are exchanges of resources, such as heat be¬ 
tween industries which result in competitive advantages [39], The 
best-known example of cluster collaboration and reuse of energy is 
the Eco-lndustrial Park at Kalundborg in Denmark, where excess 
heat in the form of steam is exchanged between the companies 
[40], 

Several studies have focused on advantages related to synergies. 
Wolf et al. [41] evaluated obstacles and success factors for biofuel 
combines; they concluded that excess heat exchange is one of the 
main drivers for collaboration. Martin and Eklund [39] studied how 
the environmental performance of first generation biofuels can be 
improved through IS. Because biogas and biodiesel production pro¬ 
cesses require low temperatures, excess heat from an ethanol pro¬ 
duction plant could be used in these processes. Ellersdorfer and 
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Weiss [42] studied the synergy effects of cooperation between a 
biogas production plant and a cement plant in which the excess 
heat from the cement plant was used in the biogas production pro¬ 
cess, and the biogas replaced fossil fuels in the cement plant, show¬ 
ing significant C0 2 emission savings. Combustion of biomass (e.g., 
boiler efficiency) is affected by the moisture content of biomass. 
Industrial excess heat could be used to reduce the primary energy 
use of the energy-intensive pre-treatment step in which the bio¬ 
mass is dried. Li et al. [43] investigated the use of low-grade excess 
heat in the form of flue gases and hot water for biomass drying. 
Other studies have highlighted the use of excess heat in green¬ 
houses [44,45] and algae cultivations [46], Fahlen et al. [47] inves¬ 
tigated the integration of heat-driven cooling in the DH system to 
raise the heat demand during low heat demand periods. The study 
showed that the integration of absorption cooling in the DH system 
has a potential for increasing the utilization of excess heat and 
leads to cost-effective C0 2 emission reduction. 

7.4. Heat conversion 

Heat conversion technologies can be used to convert thermal 
energy into electricity. 

7.4. J. Rankine cycle 

In the Rankine cycle, heat is converted into electricity. A liquid 
working medium is pressurized and pumped into an evaporator, 
where it is heated and evaporated. This gaseous working medium 
expands in a turbine to generate electricity in a generator. The 
steam is then cooled in a condenser before being pumped back 
to the evaporator, closing the loop when evaporated again. The tra¬ 
ditional steam Rankine cycle uses water as working medium, 
which makes it suitable only for heat sources with temperatures 
higher than 240-370 °C [48-50]. At lower temperatures, the tradi¬ 
tional steam Rankine cycle is not cost-effective because the low- 
pressure steam requires larger equipment. In addition, the energy 
content of low-temperature excess heat may not be sufficient to 
superheat the steam, which must be done to prevent steam con¬ 
densation and erosion of the turbine blades [49]. 

Some Rankine cycles use working mediums with lower boiling 
points than water, for example the organic Rankine cycle (ORC) 
and the Kalina cycle. The ORC uses an organic fluid as working 
medium, and working mediums with a range of boiling points 
are available. It is important to choose the working medium best 
suited for the specific heat source because the performance of 
the ORC system is highly dependent on the characteristics of the 
working medium [51-53], Organic working fluids rather than 
water have been shown to increase the output of useful work when 
recovering low temperature excess heat [54]. The Kalina cycle uses 
a mixture of water and ammonia as its working medium, and the 
proportions of the two fluids determine the boiling point. Both 
the ORC and the Kalina cycles can be optimized by choosing a 
working medium with a boiling point that matches the tempera¬ 
ture of the heat source [48], However, the Kalina cycle has not been 
commercially tested as much as the ORC. 

The carbon dioxide transcritical power cycle uses C0 2 as 
working medium. Some of the advantages of using C0 2 are that 
it is non-toxic, relatively inert in the temperature range of interest, 
abundant in nature, and cheap [55-58], 

7.4.2. Thermoelectric generator 

In thermoelectric energy conversion, electricity is generated 
through the Seebeck effect, which occurs when a voltage difference 
is generated in a conductor or semiconductor because of a temper¬ 
ature gradient in the material [59,60], The transfer of thermal en¬ 
ergy through the material generates a movement of charge 
carriers, and when the circuit is closed the result is an electrical 


current. The thermoelectric voltage developed per unit tempera¬ 
ture difference is called the Seebeck coefficient [59], 

A thermocouple consists of two semiconductors with different 
Seebeck coefficients. Several thermocouples can be connected elec¬ 
trically in series and thermally in parallel to form a module. The 
voltage output is directly proportional to the number of thermo¬ 
couples [61]. A thermoelectric generator (TEG) is a system com¬ 
prised of one or several thermo modules and a cooling system. A 
thermoelectric material has a specific temperature where the con¬ 
version efficiency is at its maximum. One way to increase the effi¬ 
ciency of a TEG is to establish a large temperature gradient across 
the TEG [60], Commercially available thermoelectric materials can 
be divided into (1) low-temperature materials, up to about 250 °C 
(e.g., materials based on bismuth telluride), (2) intermediate med¬ 
ium temperature materials, up to about 600 °C (e.g., materials 
based on lead telluride), and (3) high-temperature materials, up 
to about 1000 °C (e.g., materials based on silicon germanium al¬ 
loys) [62], To increase efficiency, research is conducted on new 
materials, e.g., nanomaterials. The TEG technology is a solid-state 
energy converter with no moving parts [60], 

7.4.3. Thermophotovoltaic 

Thermophotovoltaic (TPV) is a process that produces electricity 
from infrared radiation (heat) from a high-temperature thermal 
source. The technology is principally the same as traditional photo¬ 
voltaic (PV) technology in which solar radiation is absorbed by so¬ 
lar diode cells and converted into electricity. The PV cell is made of 
a semiconductor material in which the electrons in the valence 
band can be excited by photons and moved to the so-called con¬ 
duction band whereby electricity is produced. The gap between 
the valence band and the conduction band is called the band gap. 
Photons must have higher energy than the band gap in order to ex¬ 
cite electrons to the conduction band. In the TPV cell, the semicon¬ 
ductor material has a smaller band gap than in the traditional solar 
cell to match the infrared radiation, which has longer wavelength 
and less energy content. The shorter band gap results in increased 
efficiency in TPV compared to traditional PV. The efficiency of the 
system is increased if the spectrum of the heat radiation and the PV 
diode cell characteristics are matched [63-66]. The most common 
TPV cell materials are gallium antimonide, silicon, and indium gal¬ 
lium arsenide [67], Construction and analysis of systems where 
TPV is combined with ORC [68] or TEG [69] have been conducted 
and reported. 

7.4.4. Stirling engine 

The Stirling engine is a closed system in which the combustion 
of the fuel takes place externally; in other words, the combustion 
takes place outside the cylinder [70,71], The hot gases from fuel 
combustion warm the working medium in the Stirling engine. At 
the same time, water or air cools the engine. The working medium, 
usually helium or hydrogen, is compressed and expanded due to 
the alternate heating and cooling, resulting in movement of the 
piston. When the engine is connected to a turbine and a generator, 
this results in generation of electricity and heat [70,72], By trans¬ 
ferring heat from the process to water, the engine can be used 
for combined heat and power (CHP) production; heat can be sup¬ 
plied, for example, to the DH network 70,71,73], Today, the Stir¬ 
ling engines available for use in co-generation plants are 
technically mature, but other Stirling engines are still under devel¬ 
opment. Exhaust gases and other excess heat sources could be used 
to drive CHP systems based on Stirling engines, and heat engines 
that can use these sources (>500 °C) are under development 
[72,74], The temperature difference between the cold and hot sides 
determines the efficiency: a smaller temperature difference means 
lower efficiency [75]. 
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7.4.5. Phase change material engine 

The Phase Change Material (PCM) engine technology uses the 
volume expansion of a paraffin mixture when it changes from solid 
to liquid state to produce electricity from heat. A heat source heats 
the paraffin in the energy cell, and the paraffin melts and expands 
under high pressure. The paraffin is then cooled by water and 
changes back to a solid state. The work of expansion and contrac¬ 
tion is captured in a hydraulic system, and the mechanical energy 
is converted into electricity in a generator. In one heat power cycle, 
the PCM changes from solid to liquid phase and then back to solid 
state [76,77], 

7.4.6. Technology data 

Table 2 presents data on the heat conversion technologies: elec¬ 
tricity efficiency, temperature requirements, medium of the excess 
heat source, and stage of development. 


is the temperature of the industrial excess heat before the heat ex¬ 
changer. The temperature difference 0 = ( T eXiin -T s ) is a measure of 
the performance of the heat exchanger and in this study 0 was set 
at 5 °C (as recommended by [30]). 

For gaseous heat sources, Eq. (2) (derived from [30]) was used 
to calculate heat recovery potentials. 

Q-tr — C p ■ m • ( T ex i n — T m i n ) (2) 

where T min (°C) is the minimum temperature that the excess heat 
source can be cooled to without causing corrosions. In this study 
Tmm was set at 100 °C [30], 

Recovery of heat from hot material was calculated based on 
Nilsson [22], and it was assumed that 25% of the heat in hot mate¬ 
rial could be transferred to water and used as DH. 

8.2. Heat recovery for electricity generation 


8 . Calculation of heat recovery potentials 


Three technologies were chosen for the calculations of electric¬ 
ity generation: 


In the calculation of heat recovery potentials in Gavleborg 
County and of the effects on global C0 2 emissions, two different 
applications of external use of excess heat were considered: in Case 

(1) , the industrial excess heat is recovered and used for DH; in Case 

(2) , the industrial heat is used to generate electricity. These cases 
represent two extremes; in the first case, the heat is used as heat 
without any energy conversion; in the second case, the heat is con¬ 
verted to another energy form. It may have been an alternative to 
study heat cooperations other than DH, but as excess heat delivery 
to DH systems commonly exists, DH was chosen to represent Case 
1. Several possible combinations of electricity generating technol¬ 
ogies could have been analyzed, but as the purpose of the study 
was to exemplify heat driven electricity generation, three technol¬ 
ogies that complement each other with regard to temperature and 
medium of heat source were chosen. 

Gaseous excess heat sources with temperatures below 80 °C 
were not included in the calculations because no appropriate heat 
recovery technology was available. Excess heat sources with un¬ 
known temperature were also excluded from the calculations. 
The energy recovery potentials were calculated for each energy 
flow separately, but the results were then aggregated and pre¬ 
sented (see Fig. 2) according to the recovery options described in 
Sections 8.1 and 8.2. 

8.1. Heat delivery to a district heating network 

The DH system was assumed to have a supply temperature, T s , 
of 90 °C and a return temperature, T R , of 50 °C. 5 6 Heat sources with 
temperatures below 95 °C were considered not to be feasible for DH 
production. Values of temperature and mass flow rate of the excess 
heat flows were provided by the companies answering the question¬ 
naire, while specific heat capacity and density of the heat carrier are 
tabulated values.' 3 If the excess heat source is water, Eq. (1) (derived 
from [30]) is used to calculate the heat, Qf,- (Wh), which could be 
transferred from industry to the DH system. 

Qtr = c p m- (T ex<in — T r — 8) ( 1 ) 

where c p is the specific heat capacity (kj/kg K) of the excess heat 
source, m is the mass (kg) of the excess heat source and T expn (°C) 

5 In Sweden, supply temperature in a typical DH system varies between 80 °C and 
110°C; return temperature varies between 45 °C and 55 °C, depending on season 

[30]. 

6 Values for c p and density of water were taken from The Engineering Toolbox [89], 
Values for c p and density of flue gases were taken from "Pipe flow calculations" [90], 
The chemical composition of the flue gases was assumed to be 13% C0 2 ,11% H 2 0, and 
76% N 2 . 


• TPV for heat from hot material with a temperature above 
1000 °C. 

• ORC for excess heat sources (liquid and gaseous) with temper¬ 
atures above 80 °C. 

• PCM engine for liquid excess heat sources with temperatures 
below 80 °C. 


These technologies have different preferred temperature ranges 
for the heat source and complement each other. Johansson and 
Soderstrom [6] showed that ORC is the better choice for liquid heat 
sources with temperatures above 80 °C and that PCM engine tech¬ 
nology is the better choice for liquid heat sources below 80 °C. ORC, 
rather than a C0 2 transcritical power cycle, was studied because 
ORC is a mature technology, and more information about its con¬ 
version efficiencies could be found. Electricity could be generated 
from hot material by first transferring the heat to water and then 
producing electricity from hot water, but this means unnecessary 
losses. TPV can produce electricity directly from heat radiation 
and does not require harvesting technologies. In the calculation 
of electricity generation with TPV, a conversion efficiency of 0.2 
was used [67], 

For the calculation of electricity generation, Qei (Wh), with ORC, 
Eq. (3) was used [91], 




(3) 


where Qf h (Wh) is the energy content of the excess heat source,)/ is 
the electricity efficiency of the ORC, T (°C) is the temperature of the 
excess heat source, and T diff (°C) is the temperature difference be¬ 
tween outgoing excess heat flow from the boiler in the ORC and 
incoming flow of working medium in the ORC. T d iff was set at 
20 °C for liquid excess heat flows [91 ] and 70 °C for gaseous excess 
heat flows. Evaporation temperature was set at 30 °C for the working 
medium in the ORC [92], and electricity efficiency was set at 0.084 
[ 6 ], 

Electricity generation, Q,; (Wh), in a PCM engine was calculated 
using Eq. (4) [6], 

Q e , = Q th ■ 0.024 • - ») (4) 

* 1=0 


7 This temperature was chosen because, in this study, the minimum temperature 
that the flue gases would be cooled to was set at 100 °C to avoid problems with 
corrosion. 
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Table 2 

Technologies for conversion of heat into electricity. 


Technology 

Electricity efficiency ( rj ) 

Temperature (°C) 

Medium of the excess heat source 

Stage of development 

Rankine cycle (traditional) 

Condensing 0.47 a 

CHP 0.3 C 

>240 b 

Gas, steam 

Commercial 

ORC 

0.05-0.2 C| 

30-480 1 ' 

Gas, liquid 

Commercial 

Kalina cycle 

0.12-0.17 e 

120-400'" 

Gas, liquid 

Commercial 

C0 2 transcritical power cycle 

0.025-0.08 h 

60-150" 

Gas, liquid 

Development 

TEG 

0.01-0.05 1J 

150-600' 1 ' 

Gas, liquid 

Small-scale commercial 

TPV 

0.1-0.2 '- m 

1000-1800'- m 

Radiation 

Development 

Stirling engine 

0.13-0.36 n,o,p ’ q 

100-700 o,p ' q,r 

Gas, liquid 

Development 5 

PCM engine 

0.025-0.09' 

25-95 1 

Water 

Demonstration 


a 178]. 
b [48], 
c [79]. 
d [80], 
e [81]. 
f [82]. 

8 [83]. 
h [55], 

‘ [84]. 
j [6]. 
k [85]. 

' [67]. 
m [65], 

” [70], 

° [ 86 ], 
p [87]. 
q [88], 
r [72]. 

s Mature technology but not for heat recovery applications [70,72], 
' [76], 


100 



Case 1 

(heat recovery) 


■ TPV 
ORC 

■ PCM - engine 

■ DH 


Case 2 

(electricity generation) 


Fig. 2. Heat recovery (Case 1) and electricity generation (Case 2) using industrial 
excess heat. 


where On, (Wh) is the energy content of the excess heat source that 
is used by the PCM engine, Tdiff (°C) is the temperature difference 


between ingoing excess heat flow and incoming cooling water. 
The number of cascades, k, depends on minimum available temper¬ 
ature difference between heat source and heat sink, T d ijjmm (°C), dur¬ 
ing operation time with respect to seasonal variations: 

k = 1, if 20 °C ^ T diffmin < 40 °C 

k = 2, if 40 °C < Tdiffmin < 60 °C 

k = 3. if 60 °C < T di ff min < 80 °C 

and Qth depends on the number of cascades, as the temperature dif¬ 
ference between ingoing and outgoing excess heat flow is 
(k x 10)°C. 

9. Utilizing the industrial excess heat in Gavleborg County 

Based on the data and assumptions presented in Section 8, the 
energy recovery potential from using the available industrial ex¬ 
cess heat was calculated. Fig. 2 presents the two cases studied, 
i.e„ heat recovery in the DH network (Case 1) and for electricity 
generation (Case 2). 

In the case of heat recovery for heating purposes, only heat 
flows with temperatures >95 °C were assumed to be recovered 
for deliveries to the DH network. Excess heat flows with tempera¬ 
tures lower than the supply temperature are too low to be heat-ex- 
changed to the supply system, so they were not considered for heat 
supply. These low-temperature heat flows (as in Case 2) could be 
used for electricity generation using the PCM engine. The PCM en¬ 
gine could be used in combination with heat deliveries to the DH 
system; the potential presented in the bar representing electricity 
generation from PCM engine in Case 2 (approximately 13GWh/ 
year) could be added to the output of heat recovery in Case 1, 
increasing the recovery potential. Calculations were made for the 
following electricity generating technologies: PCM engine, ORC, 
and TPV, depending on the heat source temperature and heat 
source medium. The amount of electricity generated by using these 
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technologies is illustrated in Case 2 of Fig. 2, which shows that the 
amount of recovered energy output would be greater when the ex¬ 
cess heat is used for heat recovery in the DH system, compared to 
electricity generation. 


10. C0 2 emissions evaluation 

The use of industrial excess heat for deliveries to the DH net¬ 
work reduces global C0 2 emissions in four scenarios (EMS-1, 
EMS-2, EMS-3, and EMS-6), while the use of excess heat for elec¬ 
tricity generation reduces C0 2 emissions in all the scenarios (see 

Fig. 3). 

Since electricity generation from industrial excess heat is as¬ 
sumed to replace marginal electricity production in a coal power 
plant or a natural gas combined cycle (NGCC), such electricity gen¬ 
eration would reduce global C0 2 emissions. The size of reduction 
depends on the marginal technology for electricity production. 
The C0 2 mitigation is greater when the marginal electricity pro¬ 
ducer is a coal power plant rather than an NGCC. 

When heat is exported to a DH network, the impact on global 
C0 2 emissions depends on the type of heating system it replaces. 
When the DH system is based on bio-HOB (EMS-1 to EMS-3), ex¬ 
cess heat deliveries would result in reduced global C0 2 emissions, 
independent of the marginal user of biofuels and build margin 
technology for electricity. When the DH system is based on bio- 
CHP (EMS-4 to EMS-6), global C0 2 emissions would increase if 
the marginal user of biofuels is a producer of FT diesel and the 
build margin technology for electricity is a coal power plant 
(EMS-4 to EMS-5). This is due to large C0 2 emissions that are de¬ 
rived from marginal electricity production in the coal-fired power 
plant to compensate for the reduced production in the CHP plant. 
In EMS-6, the build margin technology for electricity production 
is an NGCC and, in addition, the marginal user of biofuels is a coal 
power plant. In this case, industrial excess heat delivery would re¬ 
sult in reduced global C0 2 emissions. Heat delivery to a bio-CHP 
system would result in reduced heat production and, hence, re¬ 
duced electricity production in the CHP plant. Consequently, more 
electricity has to be produced by the marginal electricity producer. 
This explains why industrial excess heat delivery to a bio-HOB sys¬ 
tem would be more advantageous in terms of global C0 2 emissions 
than heat delivery to a bio-CHP system. 



Fig. 3. Global C0 2 emissions change from heat utilization (Case 1: DH) and 
electricity production (Case 2: TPV, ORC, and PCM engine) using industrial excess 
heat. Negative values indicate reduced emissions. 


In EMS-3 and EMS-6, where the marginal user of biofuels is a 
coal power plant and the build margin technology for electricity 
production is NGCC, excess heat delivery to a DH system would 
be more advantageous, in terms of C0 2 emissions mitigation, than 
using the heat to produce electricity. However, in all other scenar¬ 
ios, the better option would be to produce electricity. This is partly 
due to the electricity production from excess heat replacing elec¬ 
tricity production in coal power plants. When the DH system is 
based on bio-CHP, the change in emissions related to the recovery 
technologies depends not only on the marginal user of biofuels, but 
also on the build margin technology for electricity. Using biomass 
in a coal power plant reduces global C0 2 emissions more than 
using it to produce transportation fuel. 

It is noteworthy that in Case 1, with heat recovery to a DH sys¬ 
tem, excess heat sources with temperatures below 95 °C are not 
utilized, but in Case 2 these excess heat streams are used. If these 
heat streams were used to produce electricity and added to the 
heat deliveries presented in Case 1, this would result in additional 
reductions in global C0 2 emissions. Nevertheless, the reductions 
would remain greater for Case 2, compared to Case 1 in EMS-1, 
EMS-2, EMS-4, and EMS-5. When DH delivery and electricity pro¬ 
duction is combined, it would result in global C0 2 mitigations in 
all scenarios. 


11. Discussion 

The study reveals the existence of large untapped excess heat 
potentials that when recovered may reduce the global C0 2 emis¬ 
sions (i.e., the climate impact). The study focused on the utilization 
of the excess heat in DH systems or heat-based electricity produc¬ 
tion for internal and/or external use. The recovery measures pre¬ 
sented, which are in different stages of progress; from 
development to large-scale commercial use, all offer interesting 
options to recover and use industrial excess heat today or in the 
future. 

While this study considered three different technologies in cal¬ 
culating potential electricity generation from industrial excess 
heat, a single industry may find it too expensive to invest in three 
technologies. The quality and quantity of the heat sources could 
guide the industry in choosing the electricity generation technol¬ 
ogy with the greatest potential. This might lead to a lower electric¬ 
ity output because of unused excess heat flows, but the economic 
gains may be higher. In the study, excess heat sources with tem¬ 
peratures less than 95 °C were excluded for export to DH systems. 
It may be possible to elevate the temperatures by using a heat 
pump and thus increase the recovery potential. However, the in¬ 
creased energy recovery potential has to be larger than the energy 
used by the heat pump. 

The DH systems in Gavleborg County differ from each other in 
terms of heat generation systems. However, in the calculations of 
effects on global C0 2 emissions, two average Swedish DH systems 
were used: one CHP-based and one HOB-based DH system. The 
heat demand in the local DH systems and seasonal variations 
may affect the possibilities for heat recovery in the DH system. 
Combining different excess heat recovery technologies may in¬ 
crease the use of excess heat. For example, heat-driven cooling pro¬ 
cesses may be combined with DH systems to increase the heat 
demand during summer time and prolong the period of utilization 
of excess heat. Currently, 11% of the heat supply in the DH system 
in Gavleborg County originates from industrial excess heat. This 
study shows that the approximate energy recovery output that 
could be used for DH deliveries would be 91 GWh per year. There¬ 
fore, there are potentials for additional supply of industrial excess 
heat to the system in Gavleborg County. However, it is hard to pre¬ 
dict future heat potentials because the available excess heat 
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depends on future energy efficiency measures and production lev¬ 
els in industry. Although there is a potential for export of industrial 
excess heat to the DH network, several factors affect the probabil¬ 
ity of an actual implementation. For example, there are economic 
barriers such as a long payback period, the distance between 
industry and the DH network [93], and the risk of an unsecure heat 
supply from industry. 

The results showed that the energy recovery output would be 
less than half the amount if the excess heat were used to produce 
electricity than if the heat was recovered for use in a DH system. 
The effects on global C0 2 emissions depend on the future energy 
system, which is here represented with different EMS. In all the 
scenarios used, except for EMS-3 and EMS-6, the better option 
would be to produce electricity than to deliver heat to a DH sys¬ 
tem. EMS-3 and EMS-6 are the scenarios in which the marginal 
biomass user is a coal power plant and the build margin technol¬ 
ogy for electricity is an NGCC plant. Excess heat recovery to the 
DH network in EMS-3 and EMS-6 releases biomass that can replace 
electricity production in a coal power plant. This shows the great 
impact that reducing electricity production in coal power plants 
has on global C0 2 emissions. Excess heat sources with tempera¬ 
tures lower than 95 °C were assumed to be unfeasible for DH pro¬ 
duction, but these heat sources could be used for electricity 
production, changing the outcome of Case 1. Combined heat export 
to a DH system and electricity generation would further reduce the 
C0 2 emissions in the heat recovery case (see Fig. 3). 

While it is difficult to predict the development of the energy 
market, the scenario methodology provided a sensitivity analysis 
of possible future energy markets; those used in this study are con¬ 
sistent in terms of the correlation between different energy prices. 
Moreover, the input to the scenarios consisted of predictions of fos¬ 
sil fuel prices from World Energy Outlook 201 J 18], As shown in the 
results of global C0 2 emissions, the choice of scenario is crucial for 
the outcome of the scenario analysis. Results from the analysis of 
excess heat recovery options, using different energy markets sce¬ 
narios, show the importance of a holistic view when investing in 
new technologies and planning changes in energy systems in order 
to avoid sub-optimizations. 

In this study, the internal use of excess heat was not analyzed. 
However, Jonsson et al. [8], who studied trade-offs between inter¬ 
nal and external use of excess heat from a kraft pulp mill, con¬ 
cluded that external use of excess heat would result in larger 
reductions of global C0 2 emissions than would internal use. 

Because the questionnaire response rate was only 33%, the ex¬ 
cess heat potential may be underestimated. Moreover, some of 
the respondents did not specify the quantity and/or quality of 
the reported heat sources; hence, these excess heat sources were 
not included in the analysis. The study does not claim to review 
the whole market of heat recovery options; nonetheless, it reveals 
several possibilities for heat recovery. 


12. Conclusions 

The study revealed large untapped excess heat potentials. The 
reported excess heat flows represented approximately 8.4% of the 
energy used by the companies studied in Gavleborg County. The 
energy recovery output is greater when excess heat is used for 
heating purposes in a DH system than being used for heat-driven 
electricity generation. Utilization of available industrial excess heat 
can lead to reductions in global C0 2 emissions, but the effects on 
the emissions depend on the energy market. From a climate 
change perspective, the results show that if the marginal user of 
biofuels is a coal power plant and the build margin technology 
for electricity is an NGCC, it would be better to use industrial ex¬ 
cess heat from Gavleborg County in a DH system based on biofuel 


combustion than to produce electricity from the heat. However, if 
the marginal user of biofuels is a producer of FT diesel and the 
build margin technology for electricity is a coal power plant, the 
better option would be to produce electricity from the excess heat. 
The results show the importance of analyzing different corner¬ 
stones of the future energy market development, and to have a 
holistic view and broaden the system perspective when planning 
new investments and policy instruments. 
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